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Al-induced crystallization of co sputtered hydrogenated amorphous germanium films, deposited at
220 °C, onto crystalline silicon substrates is investigated by Raman and infrared spectroscopies as
a function of the Al concentration (231026,@Al/Ge#,2.531022). Aluminum induces partial
crystallization of the films for metal concentrations smaller than;1.3 at. %. A sort of explosive
crystallization of the films occurs within a narrow Al concentration range (;1.3,@Al/Ge#,
;1.8 at. %!. Raman spectra do not display any crystallization signal for metal concentrations above
this narrow range. Data of the extended x-ray absorption fine structure of the coordination and of the
local order around gallium, in Ga-dopeda-Ge:H, are used to propose an overall picture of the
microscopic mechanisms behind these results. A comparative analysis suggests that the
crystallization seeds are fourfold-coordinated Al atoms sitting at the center of perfect tetrahedral Ge








































It has been known for decades that amorphous sili
(a-Si) and amorphous germanium (a-Ge) crystallize at low
temperatures when they are in contact with certain metal1,2
This subject has attracted the attention of researchers,
only because of the scientific challenge, but also for
many potential applications of the phenomenon. For
ample, metal-induced crystallization~MIC! has been investi-
gated as an alternative process for thin film microcrystall
device fabrication.3 The crystallization ofa-Si and a-Ge
takes place by nucleation of small atom clusters~crystal
seeds or embryos! that grow to grains of varying size.4 Most
studies of Al-induced crystallization ofa-Ge have been per
formed on layered structures consisting of alternating lay
of Ge and Al of varying thicknesses.1,2,5–9Typically, the lay-
ered structures are deposited at room or near-room temp
ture ~RT! and annealed at increasingTa until crystallization
occurs atTcryst.
1,2,6 In the case of Al/Ge bilayers,Tcryst~Al/Ge!
has been reported to occur in the 100–210 °C range. Th
range is lower than both the Al/Ge eutectic temperat
~423 °C! and the crystallization ofa-Ge:H (Tcryst~Ge!
;500 °C). The studies by Konno and Sinclair showed t
MIC of a-Si is a solid-state reaction and that Al acts as
medium for nucleation and growth of thec-Si phase.5 Analy-
sis of the interface between the metal and the semicondu
is the focus of this and of similar studies, and they conclu
that the diffusion of semiconductor atoms into the metal~or
vice versa! is the macroscopic mechanism that drives cr
tallization. Yet, the microscopic mechanisms leading to l
temperature MIC are still a matter of investigation.
In the present letter we report Al-induced crystallizati
of a-Ge:H films from a different~and complementary! ex-
perimental approach. The crystallization induced by alu
a!Corresponding author; electronic mail: ivanch@ifi.unicamp.br
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um is studied in cosputtereda-Ge:H~Al !/c-Si samples at
fixed Tdep as a function of the Al concentration in the sol
phase. The deposition temperature chosen,Tdep5220 °C, is
intermediate between the crystallization temperature
amorphous Al/Ge multilayers and that ofa-Ge: Tcryst~Al/Ge!
,Td,Tcryst~Ge! . The relative Al concentration@Al/Ge# in a
series of 14 samples having typical thicknesses of 1024 cm
was varied from 231026 to 2.531022, with all deposition
conditions being kept identical in the series, with the exc
tion of the Al content. Note that this approach differs cons
erably from that in previous reports. Here, the crystallizat
of a-Ge:H is reported at fixedTdep as a function of the Al
concentration incorporated into the film during growth. It h
been found that, under these selected deposition conditi
luminum induces increasing crystallization ofa-Ge:H up to
a maximum Al/Ge of;1.8 at. %. For Al concentrations
above this value Raman spectra do not indicate any Ge n
crystal formation. Infrared transmission spectra of the sa
samples are consistent with the Raman data. A discussio
the microscopic mechanisms behind these results cons
the experimental data of the local coordination and the lo
order around gallium in Ga-dopeda-Ge:H films deposited
under the same conditions as those reported in this letter10,11
The comparative study suggests that fourfold-coordinated
atoms act as crystallization seeds in thea-Ge:H network.
Al-doped a-Ge:H films were deposited ontoc-Si sub-
strates by rf sputtering ac-Ge target in Ar1H2 atmosphere.
The impurity concentration was adjusted to the values
lected by cosputtering small solid pieces of aluminum.12
Raman spectroscopy is a valuable technique with wh
to investigate the structure of microcrystalline semicond
tors, with the line shape and the position of the Raman sig
allowing estimation of the size and distribution of crystallit
within the network.13–15 Figure 1 shows the Raman spect
around the transverse optical~TO!-like vibration mode of
several Al-dopeda-Ge:H samples. The spectrum of a noni3 © 2001 American Institute of Physics
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 This a ub to IP:tentionally doped~intrinsic! sample deposited under th
same conditions is included for comparison. The intrin
sample displays a featureless TO-like Raman signal, typ
of column IV amorphous semiconductors. All the samp
with @Al/Ge#,;1.3 at. %, show a spectrum that includ
the signal given by the amorphous phase and a should
around 300 cm21 that evolves, with increasing impurity con
tent, to a well defined peak, corresponding to the contri
tion of the TO vibration of crystallized Ge. As shown in Fi
1, the scattering intensity of samples having 1.4<@Al/Ge#
<;1.8 at. % is dominated by thisc-Ge TO-like mode, al-
though the contribution by the amorphous phase is
apparent.14 In this particular aluminum concentration rang
the MIC mechanism appears to be very efficient, with
sample looking mostly microcrystalline. The estimated s
of the crystallites is;30610 Å and it does not vary signifi
cantly among samples possessing different impurity conc
trations. When@Al/Ge# is increased to more than 1.8 at. %
Fig. 1 indicates that the crystalline phase almost disappe
The Raman spectrum corresponding to these sample
dominated by the contribution given, essentially, by t
amorphous phase.
Summarizing, Raman spectra show that, under the
perimental conditions chosen, aluminum induces the crys
lization of a-Ge:H films, with the mechanisms leading to th
crystallization ofa-Ge appearing to be most effective in th
1.4<@Al/Ge#<;1.8 at. % range. Aluminum concentration
@Al/Ge#.1.8 at. % do not induce the crystallization
a-Ge:H to levels detectable by Raman spectroscopy.
Figure 2 shows an optical transmission in the infrared
several Al-doped Ge:H samples. The intrinsic film shows
characteristic fringe pattern of thina-Ge:H films, displaying
the features of the stretching and wagging vibration mode
the Ge–H dipole. Alla-Ge:H~Al ! samples with metal con
centrations up to 231023 display similar transmittance
However, as the Al concentration increases, the materia
corporates less hydrogen and structural changes occur
material possesses less order, the optical absorption in th
increases, the optical gap narrows, etc. The IR transmitta
of the most crystallized samples is dominated by free car
FIG. 1. Raman spectra around the TO-like mode of several Al-do
a-Ge:H films ~T5300 K, Ar laser at 488 nm!. the impurity concentrations
are given on the right side of the spectra, which are shifted vertically
reasons of clarity. Note the dominant crystalline TO signal of the sam
containing 1.4 and 1.8 at. % aluminum and the featureless spectr
samples with@Al/Ge#>1.8 at. %.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s






















absorption and the fringe pattern disappears completely~s e
Fig. 2!. Note that this behavior is typical of degenerate cry
talline semiconductors but not of doped amorphous semic
ductors. In accordance with the Raman spectra, the
amorphous samples with@Al/Ge#.1.8 at. % display again a
fringe pattern in their IR transmittance~see Fig. 2!: summa-
rizing, the IR transmittance spectra are consistent with
results given by Raman spectroscopy.
Analysis of thermally annealed metal–semiconduc
multilayer structures reveals that there is a diffusion~ r in-
terdiffusion! of species during annealing.7,16–19The resulting
semiconductor microcrystals are alwaysp type. The concen-
tration of Al in the grain boundaries is larger than in th
crystallites.17 What remains unexplained is~i! why diffusing
Si or Ge atoms should nucleate and crystallize under th
circumstances and~ii ! why a fraction of Al atoms remains in
the crystallites as active dopants.
In the present investigation, no such contact between
and semiconductor layers exists. Instead, increasing con
trations of Al, from highly diluted to alloy levels, are incor
porated into the amorphous germanium network dur
growth. Under these conditions, the diffusion of Ge ato
into aluminum clusters is excluded, since such metal agg
gates do not exist in the network. The main difference
tween the present results and those furnished by anne
layered structures is accurate control of the Al concentra
in the amorphous Ge network and the absence of any al
layers. The surprising outcome of the experiments stron
suggests that Al atoms, and not Al layers, play a key role
the microscopic crystallization process. This being the ca
there appears to be a need to investigate which microsc
mechanisms may lead Al atoms to induce the formation
Ge nanocrystals. To this end, knowledge of the local coo
nation of Al impurities and the order around them in t
amorphous network as a function of the Al concentrat
should be of great help. Unfortunately, such information c
not be obtained from the extended x-ray absorption fi
structure~EXAFS! in either a-Ge or in a-Si samples. De-
spite this difficulty, careful analysis of the data on Ga imp
rity in the amorphous Ge network may help in understand






FIG. 2. Optical transmittance of several Al-dopeda-Ge:H samples. Note the
large free carrier absorption in the most crystallized samples. All ot
samples display the characteristic thin film fringe pattern.
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 This aIn previous work, thep-type doping properties of Al, Ga
and In in a-Ge:H films were reported.11 The investigation
indicates that column III metals behave differently than ot
doping elements, in the sense that neither their electro
activity nor the density of deep defects induced by dop
follows predictions of the thermal equilibrium models
doping.19 In order to understand the microscopic mech
nisms behind this different behavior, the coordination a
local order of Ga and In ina-Ge:H were investigated by
EXAFS.10 The results of Ga impurity ina-Ge:H are surpris-
ing and they are useful for drawing a picture of the mec
nisms that might lead Al to induce the crystallization
a-Ge:H. The EXAFS results of Ga impurity ina-Ge:H in-
dicate the following.
~1! For Ga concentrations<531019cm23(0.1 at. %), Ga
atoms are always four-fold coordinated.
~2! The coordination numberNGa decreases abruptly from
to less than 3 as the impurity concentration increa
from 0.1 to 0.5 at. %.
~3! The Ga–Ge first shell distance decreases with increa
Ga concentration, its value always being larger than
Ge–Ge bond length ina-Ge:H.
~4! The difference,Ds2, between the variance of the mea
distance distribution functions2 ~the Debye–Waller fac-
tor! of Ga-dopeda-Ge:H and the corresponding cryst
model~Ga-dopedc-Ge! indicates thatDs2 decreases a
the impurity concentration increases. In other words,
decrease of the first shell Ga–Ge distance is accom
nied by improved short-range order around Ga4 atoms.
10
These results suggest that the excess compressive s
in a-Ge:H films caused by Ga4 propagates through the ne
work sites surrounding the impurity. As the concentration
Ga4 increases, the local expansion allowed is limited beca
of mutual interaction between strain fields induced by nea
Ga4 sites and, consequently, the first shell Ga–Ge dista
decreases. The process is accompanied by better local
around Ga4 sites. The abrupt change from four- to three-fo
coordinated Ga has been interpreted as being due to th
laxation of the compressive stress added by Ga4 atoms to the
a-Ge:H network.10 Note that, under all circumstances, th
first shell Ga–Ge distance remains larger than the Ge
distance inc-Ge.
The estimated electron cloud radii of covalent tetra
dral ~neutral! Al and Ga are the same~1.26 Å!,20 and com-
pressive effects around Al4, the same as those measur
around Ga4, are expected. However, Al has many fewer co
electrons than Ga. The absence ofd electrons in Al implies
that the electron cloud of Al4 should shrink considerably
under compressive stress. Moreover,sp3 hybrids of Al4 are
more rigid than those of Ga4. As a consequence of the abov
a shorter Al–Ge first shell distance and larger local or
around Al4 are expected for Al than for Ga impurity. In othe
words, the improved short-range order measured around4rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
























for increasing Ga concentrations should be enhanced in
case of Al4. These considerations lead us to think that A4
impurities ina-Ge:H may sit at the center of almost perfe
tetrahedral sites, and have a first shell Al–Ge distance sim
to the Ge–Ge bond length in crystal Ge. These tetrahe
sites act as crystallization seeds, inducing the ordering
neighboring Ge atoms. The process should be effective o
at Al concentrations below that which induces the change
coordination of Al atoms from fourfold to threefold. Th
appearance of three fold coordinated impurity atoms (A3!,
as measured for Ga-dopeda-Ge:H, renders the network in
creasingly similar to a continuous random Ge–Al alloy, w
fourfold coordinated Ge and threefold coordinated Al, as R
man spectroscopy and infrared transmittance suggest.
Summarizing, the Al-induced crystallization of rf
sputtereda-Ge:H films was studied atTd5220 °C as a func-
tion of the metal concentration. Raman and infrared sp
troscopies indicate that, under these conditions, alumin
induces the crystallization ofa-Ge:H up to a maximum con
centration range~;1.8 at. %!. Al concentrations above this
range do not induce any crystallization that is detectable
Raman spectroscopy. A plausible phenomenological expla
tion of the microscopic mechanisms behind these results
put forth in terms of EXAFS data on the coordination a
local order around Ga atoms in thea-Ge:H network. The
comparative analysis suggests that Al-induced crystalliza
originates from fourfold-coordinated Al atoms that, in th
amorphous Ge network, act as crystallization seeds.
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